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Abstract
The aim of this work is to provide an understanding of detachment at TCV with emphasis on analysis of
the Balmer line emission. A new Divertor Spectroscopy System has been developed for this purpose. Further
development of Balmer line analysis techniques has allowed detailed information to be extracted from the
three-body recombination contribution to the n=7 Balmer line intensity.
During density ramps, the plasma at the target detaches as inferred from a drop in ion current to the
target. At the same time the Balmer 6 → 2 and 7 → 2 line emission near the target is dominated by
recombination. As the core density increases further, the density and recombination rate are rising all along
the outer leg to the x-point while remaining highest at the target. Even at the highest core densities accessed
(Greenwald fraction 0.7) the peaks in recombination and density may have moved not more than a few cm
poloidally away from the target which is different to other, higher density tokamaks, where both the peak in
recombination and density continue to move towards the x-point as the core density is increased.
The inferred magnitude of recombination is small compared to the target ion current at the time detachment
(particle flux drop) starts at the target. However, recombination may be having more localized effects (to a flux
tube) which we cannot discern at this time. Later, at the highest densities achieved, the total recombination
does reach levels similar to the particle flux.
Keywords: Detachment; divertor spectroscopy; volumetric recombination, tokamak power exhaust; TCV
tokamak; Balmer line spectroscopy.
1. Introduction
For future fusion devices such as ITER, operating at least in a partially detached state is important for
reducing the heat flux incident on the divertor to below engineering limits (10 MW/m
2
) [1]. Modelling for
ITER demonstrates reduction of the peak heat flux near the separatrix by factors of up to 100 due to a
number of atomic physics processes including line radiation, charge exchange and recombination [2]. To
address the need for further power removal before exhaust heat reaches the targets, which is needed for a
DEMO fusion reactor and beyond, an enhanced understanding of the detachment process would be beneficial,
which will enable better models for predicting ITER and DEMO performance and potentially provides insight
in enhancing both detachment power and particle loss as well as control of detachment.
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There has been considerable work utilizing spectroscopic measurements for understanding detachment,
where the characteristics of the recombining region are extracted from the Balmer series emission [3, 4, 5, 6, 7].
Typically a high density recombination front forms at the target and moves rapidly towards the x-point as
the core plasma density is increased.
The aim of this study is to develop a detailed understanding of the detachment process at TCV (medium-
sized tokamak (R = 0.89 m, a = 0.25 m, Bt = 1.4 T)) where low densities should give us insight into how the
role of recombination changes as a function of plasma density in the divertor. In addition, this provides an
understanding of how detachment on TCV relates to the general experience of detachment. This is required
to interpret recent experiments on TCV, which have been performed to investigate how magnetic divertor
geometry influences detachment [8, 9].
For this investigation a new spectroscopic diagnostic has been developed for the TCV divertor and
improvements for extracting information on recombination and electron temperature from Balmer series
spectra have been made. Using spectroscopic measurements we show that the observed high density
recombination front at TCV during a density ramp likely stays near the target even after the target ion
current drops.
2. Experimental setup
2.1. TCV’s Divertor Spectroscopy System (DSS)
The primary measurements of the recombination characteristics are made using a new spectrometer with
views of the divertor, which we refer to as the DSS. The viewing optics provide a poloidal, line-integrated,
view of the divertor, yielding 32 lines of sight (figure 1B). The fibres of each system are coupled to a Princeton
Instruments Isoplane SCT 320 spectrometer coupled to an Andor iXon Ultra 888 EMCCD camera with a
1024 x 1024 pixel sensor. A 1800 l/mm grating was used to allow ne measurements through Stark broadening
of the n=7 Balmer series line with a measured FWHM resolution of 0.06 nm. The system has been absolutely
calibrated in intensity (∼15% inaccuracy) and wavelength (< 0.1 nm), taking stray light contributions into
account.
A dark frame is acquired before and after the plasma discharge, which is subtracted from the measurements.
Due to the long frame transfer time (1.2 ms) with respect to the acquisition time (5 - 10 ms), the measurements
are susceptible to read-out smear of the CCD [10]. At least 90% of the smearing is removed by post-processing
using a numerical matrix-based algorithm.
For the results analysed in this work, the measured spectra have been re-sampled by averaging frames
and/or multiple chordal signals over the entire discharge, improving S/N ratio by up to a factor 40 which
leads to improved determination of ne from line fitting (section 2.3).
Figure 1A shows that the observed intensity of medium-n Balmer lines (n = 6, 7) increases strongly during
the density ramp. The observed spectra corresponds to the view line close to the target highlighted in figure
1B (red), where the locations of the primary diagnostics used in this work are shown.
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Figure 1: A) Example Balmer line spectra # 52065, averaged over 100 ms, measured by along the DSS chord closest to the
target at two different core densities. B) Primary diagnostic viewing chords used in this work.
2.2. Extracting information on recombination from Balmer lines using a collisional-radiative model
The brightness (Bn→2 in [photons m−2s−1]) of a hydrogen Balmer line with quantum number n can be
modelled using the Photon Emissivity Coefficients (PECrec,excn→2 ) [photons m
3s −1] obtained from the ADAS
collisional-radiative model [11] for recombination and excitation, as indicated in equation 1. Bn→2 consists
of recombination and excitation parts: Brec,excn→2 . It is assumed that all line emission comes from a plasma
slab with spatially constant electron density ne, electron temperature Te, neutral density no and width ∆L.
Additional assumptions are that hydrogen collisional radiative model results are valid for deuterium and that
the contribution of charge exchange and molecular reactions (molecular reactions might be significant for
detachment in low density plasmas [12]) to the emission of a certain Balmer line are negligible. For simplicity
we have assumed all electrons come from hydrogen (Zeff = 1), which is discussed in section 2.5.
For further discussion we define Frec as the fraction of total Balmer line radiation due to recombination
(Frec(n) = B
rec
n→2/Bn→2). We also define F76 as the ratio of brightness of the 7→ 2 and 6→ 2 Balmer lines
(F76 = B7→2/B6→2). We define RL [rec / s m2] as the volumetric recombination rate (R [rec / s m3]) line
integrated along the line of sight through the plasma for a length ∆L. Although the analysis in this section
is mainly focused on the n = 6, 7 Balmer lines, the analysis strategy is general and can be applied to other
Balmer lines.
Bn→2 = ∆Ln2ePEC
rec
n−>2(ne, Te)︸ ︷︷ ︸
Brecn→2
+ ∆LnonePEC
exc
n−>2(ne, Te)︸ ︷︷ ︸
Bexcn→2
(1)
2.2.1. Using Balmer line ratios to obtain the fraction of Balmer line emission due to recombination
We have developed a method for inferring the recombination contribution to the Balmer line emission,
which is important for determining several characteristics of the local plasma.
For a fixed ne and no, both Frec(n) and F76 only depend on Te. In figure 2 the relation between Frec(n)
and F76 is shown, where Te is varied between 0.2 and 1000 eV for each curve, while no/ne = [10
−3, 1] and
ne = 10
20 m−3 are fixed. Figure 2 indicates the ratio of two Balmer lines (e.g. F76) changes as function of
Frec and is thus useful to infer the dominance of recombination in the total emission of a particular Balmer
line.
The relation between Frec(n) and F76 depends only weakly on ne and no/ne. Divertor pressure mea-
surements with an absolutely calibrated baratron gauge have been used to estimate no and indicate no/ne
rises from order 10−3 to order 10−1 as Te drops, which is supported by OSM-Eirene modelling [13] and
SOLPS-Eirene modelling [14] of the TCV divertor. Based on the above no/ne estimates, we utilize a no/ne
range between 0.01 and 0.25. In this no/ne range and the typical TCV divertor density range (between
1019m−3 and 1020m−3) Frec changes by < 0.1. When inferring Te and RL from either 6, 7 → 2 lines
(using Frec(n = 6, 7)) the result differs by < 3%. Line integration effects (section 2.4) are negligible to the
determination of Frec.
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Although no/ne only weakly influences the relation between Frec(n) and F76, it strongly affects the
temperature dependence of both Frec(n) and F76, as shown in figure 2. Therefore, to determine Te from F76
an accurate no/ne determination is needed, but is not currently possible. In section 2.2.2, we develop another
method to derive Te. Note that, even if no/ne would be accurately known, the Te obtained would be line
averaged and weighted over both the excitation and recombination part of the Balmer line emission profile
along the line of sight. This is in contrast to the Te determination described in section 2.2.2, where only the
recombination part of the Balmer line emission is taken into account.
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Figure 2: Relation between F76 and Frec(n = 6, 7), in which Te is varied between 0.2 and 1000 eV, assuming a fixed ne = 1020m−3
and no/ne = [10−3, 1]. The value of Te at Frec(n = 7) = 0.3 and Frec(n = 7) = 0.8 is shown for both values of no/ne at
ne = 1020m−3.
2.2.2. Obtaining RL and T
avg
e from absolute Balmer line intensities
We have developed a method for calculating RL, which has the advantage over previous work [15] that
no direct temperature estimate is required in the calculation. The first step is to determine the number of
recombinations per photon as in [15] for a particular Balmer line, which is (assuming the plasma is optically
thin) the ratio of the ADAS effective recombination rate coefficient (ACD(ne, Te)), which takes into account
both radiative and three body recombination, and the ADAS PECrecn→2(ne, Te). By multiplying the number
of recombinations per emitted photon with Brecn→2, we obtain RL(ne, Te,∆L) [rec /m
2s].
Once Frec is determined from figure 2, we can obtain B
rec
n→2 = Frec(n)×Bn→2, from which we can derive
other important characteristics of the plasma along each chord. With fixed ne and ∆L, both RL and B
rec
n→2
only depend on Te and a one-to-one relationship between RL and B
rec
n→2 is obtained (figure 3). In addition,
as Te varies along each curve in figure 3 from 0.2 to 1000 eV, Te is also obtained when determining RL. We
refer to this as T avge as it is line averaged and weighted by the recombination part of the Balmer line emission
profile along the line of sight. Using ne (Stark broadening - section 2.3), ∆L and B
rec
n→2 both RL and T
avg
e
can be determined.
As shown in figure 3, determining RL through this method is only weakly affected by ne and ∆L. The
measurement inaccuracy of RL is generally ∼ 40 % when Frec ∼ 1 and is mostly due to the inaccuracy in
Brecn→2, which is affected by inaccuracies in both the absolute Balmer line intensity and the Balmer line ratio
used to obtain Frec. Line integration effects influence RL by < 5%, except for cases with a strongly hollow
ne and peaked Te profile, where RL can be underestimated by up to 30 % (section 2.4). A similar approach
as described here could be used to obtain excitation rates and track the excitation region, but with larger
uncertainties.
Obtaining T avge through the method above has the advantage that less spectral information is needed
to obtain Te than for other methods [3, 15]. However, this method is sensitive to inaccuracies in ∆L and
is strongly affected by line-integration effects. Assuming peaked ne, Te profiles along the line of sight T
avg
e
is in between 50-100 % of the peak Te if Frec ∼ 1 (section 2.4). T avge should not be used as an absolute Te
measurement, but as an indicator for trends in Te which shows the role Te plays in the increase of RL during
a density ramp discharge.
We define ∆L as the full-width 1/e fall-off length of the ne profile at the target measured by Langmuir
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probes, which is mapped along the flux surfaces to determine ∆L for each point where the DSS view line
intersects with the separatrix at multiple time points. ∆L for TCV is generally between 2.5 and 10 cm,
depending on the magnetic equilibrium used for that pulse and time. During a density ramp the density
profile in the divertor broadens. Together with a constant magnetic equilibrium, ∆L can increase by up to 70
%. As a trend in the density profile at the target is not necessarily representable for trends in the density
profile across the divertor leg above the target, both the Langmuir probe spatial resolution and experimental
variations in ∆L during a single discharge with constant magnetic equilibrium are used to estimate the
uncertainty of ∆L, which makes up at most 25% of the measurement uncertainty in RL.
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Figure 3: Modelled relation between the RL and B
rec
7→2 for a range of different ne and ∆L.
2.3. Obtaining ne from Stark broadening
The spectrally resolved line profile is affected by Stark broadening. Our chordal measurement provides a
density weighted integral of contributions to the line shape and thus of the electron density [6] (nStarke ).
The Stark broadened line shape of a Balmer line can be expressed as a modified Lorentzian [6] as function
of ne and Te, which is a parametrisation of the Microfield Model Method [16]. The spectrometer induces
additional instrumental broadening to the emitted spectral line, which is parametrized using a modified
asymmetric Lorentzian whose parameters are obtained as function of wavelength and viewing chord.
The experimentally observed Balmer line shape is fitted using a numerical algorithm based on the
Gradient Expansion Algorithm [17]. The fitting function used is the convolution of Stark broadening, Doppler
broadening (depends on Ti) [18] and the instrumental line shape. Magnetic effects are neglected. To lower
the amount of fitting parameters it is assumed Te = Ti = 3 eV. For Te between 0.6 and 15 eV, the variations
in nStarke are < 7%. For Ti between 0.2 and 15 eV the variations in n
Stark
e are < 10%. Assuming peaked ne
profiles, nStarke is in between 65 - 100 % of the peak ne (section 2.4).
The main parameter leading to measurement uncertainty in nStarke is the signal/noise level. By fitting
synthetic spectra with a level of random noise, we have determined the measurement uncertainty of nStarke as
function of ne, S/N level and viewing chord. We utilize the 7→ 2 line for determining nStarke since, for the
same ne, higher-n Balmer lines lead to wider line shapes, which are more accurately analysed.
2.4. Investigating line-integration effects on nStarke , Te and recombination measurements
The sensitivity of the nStarke , T
avg
e , Frec and RL inferences to line-integration effects have been discussed
in sections 2.2.1, 2.2.2 and 2.3. These sensitivities have been determined using the methods described in this
section.
Line integration effects have been studied by assuming various a priori peaked and hollow ne, Te profiles
along the integration chord. For peaked profiles Gaussian profile shapes have been assumed with widths
varying from 0.5 to 7 cm using peak densities: ne,0 = [3, 5, 10].10
19 m−3 and corresponding peak temperatures:
Te,0 = [15, 3, 1] eV. A flat neutral density profile using no = [10
18, 1019] m−3 has been assumed.
Using these profiles, the Balmer line emission is modelled at every point of the profile and the corresponding
Stark line shape is calculated. The Stark line shapes, weighted by the Balmer line emission, are summed
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over all points of the profile to obtain a synthetic Balmer line spectrum. nStarke , RL, Frec and Te are inferred
from the synthetic spectrum using the methods described in sections 2.2 and 2.3.
2.5. The role of impurity concentration on inferred results
For simplicity in section 2.2 it has been assumed that the hydrogen ion density equals the electron density
(n+H = ne). However, a portion of the electrons can originate from plasma impurities. This can be taken
into account by replacing the n2e term in B
rec
n→2 (equation 1) with nen
+
H , which can be written as fn
2
e, where
f = n+H/ne. By including f in equation 1 and propagating the effect of f towards the inference of RL, Frec
and T avge the role of the impurity concentration has been investigated.
Based on Zeff measurements and fractional abundance modelling through ADAS (using carbon and boron
as the main plasma impurity species) we estimate that f is in between 0.6 and 1.0. For this range Frec differs
by 0.01, RL differs by 10 % and T
avg
e differs by 20 %. Therefore, the impurity concentration is expected to
have an effect on the inferred results which is small compared to the estimated uncertainty margins.
3. Experimental results
In this section we will use the DSS data and analysis techniques described in section 2 to illustrate how
divertor conditions vary as detachment proceeds in TCV. Connections will be made to other diagnostic
measurements to form a more complete picture of the detachment process. Observations of the Balmer line
intensity (Bn→2) and the inferred Frec from F76 presented in this section correspond to the n = 7 Balmer
line. Our observation is that some of the characteristics of detachment on TCV are similar to that found at
other, higher density, tokamaks. However, detachment in TCV does not lead to a large movement of the
recombination region.
3.1. Onset, evolution and dynamics of detachment
A reference plasma discharge is utilized for illustrating the process of detachment in TCV (#52065). It
has a single null magnetic divertor geometry with a plasma current of 340 kA and a reversed toroidal field
direction (∇B away from the x-point). The spectroscopic data has been acquired at 200 Hz and has been
averaged over a number of time frames to improve S/N level, as indicated in the legends in figure 4. The line
colour and line style shown in figure 4A-H correspond to the diagnostic locations shown in figure 1B. Similar
detachment characteristics as observed for #52065 have been found for ∼ 20 other density ramp discharges,
with slight variation in timing of changes (e.g. drop in target density as determined by Langmuir probes) and
magnitude (e.g. the total recombination).
The vertical error bars shown in figures 4A-H represent 95 % confidence intervals. Measurement uncer-
tainties have been determined by propagating measurement uncertainties in the absolute calibration; in fit
parameters (determined through the Gradient Expansion Method [17]); in ∆L and assuming no/ne is in
between 0.01 and 0.25.
Bolometry and spectral features consistently indicate an expansion of a cold plasma region from the
target towards the x-point during a density ramp. During a considerable increase in Greenwald fraction
from ne/nG = 0.3 to ne/nG = 0.5 (figure 4A, F76 increases resulting in an increase in Frec from < 0.35 to
∼ 1 (figure 4C). Significant increases in Frec first occur near the target and later the region of enhanced
Frec expands towards the x-point. The radiation front as measured by bolometry (figure 4E), which is
representative of higher temperatures than those at which recombination occurs [13, 19], also moves from the
target towards the x-point and is correlated with the increase in Frec.
The above spectral features are consistent with a strong recombining region near the target. Those
features include a strong increase in Bn→2 (figure 4B) which, combined with a rising Frec(n = 7), implies
that RL (figure 4G) is strongly increasing. Similar to trends in Frec, the onset of this non-linear increase
starts first close to the target and later increases closer to the x-point. The increase in Bn→2 during the
density ramp is both due to the ne increase (figure 4D) and T
avg
e decrease (figure 4H).
Our results suggest that recombination is insufficient to effectively reduce the particle flux at the time
of the particle flux roll-over. Furthermore, the (Stark) density close to the target does not decrease. After
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Figure 4: Temporal evolution of several quantities measured by DSS and inferred from DSS measurements for three view lines
during a single null density ramp shot (52065). In addition, data obtained from Langmuir probes (LP) and bolometry is shown.
The colours of the plot indicate the measurement locations shown in figure 1B.
Frec → 1, Bn→2, RL and nStarke keep increasing until the end of the discharge while remaining highest at the
lowest DSS chord 5 cm above the target. At first glance this and bolometric measurements (figure 4E) would
seem to indicate that while ionization and impurity radiation have detached from the target, the high density
region has not. However, Langmuir probe data (taken from the probe closest to the separatrix) suggests the
density has dropped at the target (figure 4) as discussed in section 3.2.
It is possible that the inferred RL is an underestimate, since the closest target DSS view line intersects
the separatrix 5 cm above the strike point. If the RL spatial profile is extrapolated to the target, RL at the
target is three times higher than at the DSS chord closest to the target. However, target probe measurements
(figure 4D) indicate ne drops in this non-observed region, which would lower RL. Combining LP data and
spectroscopic data (section 3.2) suggests that either the electron temperature at the target is very low (< 0.06
eV) or the high-density recombination front has moved off-target and is located in the region between the
target and the lowest DSS chord. Detachment in TCV has so far never reached the level where the density
and recombination region peak moves to points above the lowest DSS chord.
The total recombination rate in the divertor RV [rec./s] is determined by integrating RL toroidally and
poloidally across the chords. RV increases strongly during the last phase of the discharge (figure 4F), and
reaches values of up to RV = (6 ± 2) · 1021 rec/s, which is similar to the total particle flux measured by
Langmuir probes at that time, indicating that RV contributes significantly to the particle flux drop at this
time. However, the particle flux measured by the Langmuir probes drops at 1.0 s. RV at that time is relatively
low, which indicates that recombination losses are not the main contributor to the initial particle flux drop.
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3.2. Recombination signatures compared with Langmuir probe data
Combining data from the DSS and divertor target Langmuir probe data is informative about the
development of detachment. The peak target electron density determined from Langmuir probe (LP) I-V
characteristics is in agreement with nStarke near the target until 0.9 s (figure 4D), which is close to the time
when Bn→2 starts increasing strongly.
Across many tokamaks it has been found that the temperature derived from Langmuir probes is overesti-
mated for Te < 5 eV, [20, 21]. Assuming this is also true for TCV, we utilize Jsat and n
Stark
e (5 cm from
the target) to calculate Tmode (figure 4H). T
mod
e decreases during the density ramp in agreement with the
Balmer line derived T avge up until 1.1 s when both the target particle flux and target density (LP) have
started dropping. Near the end of the discharge, Tmode reaches temperatures below 0.06 eV, much lower than
T avge obtained from Balmer line analysis (∼ 0.5 eV). In addition it should be noted that the peak density in
the density profile along the line of sight is likely higher (up to 35 %) than the density inferred from Stark
broadening due to the weighted average along the chord, which would lead to an even lower Tmode . Therefore,
if Te at the target would be higher than 0.06 eV, it would imply the target density would be lower than
nStarke . Hence, the density front would have moved between the target and the first DSS chord.
4. Discussion
The onset of detachment observed spectroscopically at TCV is generally similar to the dynamics previously
observed at higher density machines, but there are also significant differences.
As the core density is increased in L-mode plasmas, the target density increases and the temperature
decreases, which are general characteristics of a high-recycling divertor. However, the ion current to the
target does not increase ∝< ne >2 as expected from the two point model (assuming ne,up ∝< ne >) [19]
(figure 4F). This difference to other, high density machines and the two-point model may be due to the fact
that the ionization mean free path in TCV (λioniz ∼ 5 − 10 cm) is larger compared to the width of the
divertor plasma (dfan ∼ a few cm) near the target [14]. Together with the open divertor geometry neutrals
are not well-confined, which likely leads to less ionization and a slower rise in divertor density. That could
reduce the amount of charge exchange and recombination, thus slowing down the detachment process.
Once the detachment process starts with the drop in divertor target density and the rise in recombination
signatures (Frec and RL, figures 4C and 4G) the process of detachment proceeds slowly in TCV. Instead of a
swift movement of the recombination and high-density regions observed at other higher density machines
[3, 7], the recombining region and peak density stays near the divertor target at TCV while recombination
signatures extend towards the x-point. At the highest core and divertor densities in the TCV plasmas studied
so far, the drop in target density (figure 4D) concurrent with the continued increase in the DSS-inferred
density is consistent with the detachment region (in the sense of both low density and low temperature)
moving off the divertor target slightly, less than the 5 cm corresponding to the lowest DSS chord, as discussed
in section 3.2. However, such a movement is very slow given that the Stark-derived density continues to rise
throughout the remainder of the discharge.
The inference of recombination rates through the DSS data analysis also provide some insight into
the role of recombination in removing ions from the plasma and causing a density drop. As discussed
earlier, recombination remains highest near the target throughout the discharge, with the total amount of
recombination rising rapidly to levels at the end of the discharge comparable to the target ion flux. Given
that the target density drops earlier in the pulse and that the total recombination rate is less than 1% of the
particle flux at the point the particle flux starts dropping, the question is whether recombination is playing
an important role at this time. The two possibilities are that the ion source upstream could start dropping at
the same time as the target density falls. Or, that the recombination local to the flux tube of the peak ion
flux is removing significant ion flux. We do not have enough spatial information at this time to comment
further on the relative important of the two effects.
7
5. Summary
The physics of the TCV divertor, including the detached regime, has been investigated at TCV, using a
newly developed divertor spectroscopy system (DSS), together with advancements in techniques for extracting
information from the Balmer spectrum. Analysis of the DSS data has been instrumental in characterizing the
behaviour of detachment in TCV. We find that the detachment process develops slowly: the radiation first
peaks near the divertor and then moves towards the x-point. The rise in the dominance of recombination
signatures over excitation signatures follows the movement of the radiation peak, while the strongest level of
density and recombination remains close to the target. Even as the plasma density above the target continues
to increase the ion current to the target drops, which may imply that the detached (low pressure and density)
region has moved off the target. But within the density range studied on TCV, the detachment front moves
no further.
The role of recombination in ion loss has been investigated. We find that there is no clear connection
between the initial roll-over in the target ion current and the level of recombination. However, later in time,
RV approaches the integral ion current and it may be that the recombination front moves further off the
target if higher densities could be achieved. Further studies are needed.
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